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The complex signaling networks between cancer cells and adjacent endothelial cells make it challenging to 
unravel how cancer cells send extracellular messages to promote aberrant vascularization or tumor 
angiogenesis. Here, in vitro and in vivo models show that pancreatic cancer cell generated unique 
microenvironments can underlie endothelial cell migration and tumor angiogenesis. Mechanistically, we 
find that pancreatic cancer cell secreted CCN1/Cyr61 matricellular protein rewires the microenvironment 
to promote endothelial cell migration and tumor angiogenesis. This event can be overcome by Sonic 
Hedgehog (SHh) antibody treatment. Collectively, these studies identify a novel CCNl signaling program in 
pancreatic cancer cells which activates SHh through autocrine-paracrine circuits to promote endothelial cell 
migration and tumor angiogenesis and suggests that CCNl signaling of pancreatic cancer cells is vital for the 
regulation of tumor angiogenesis. Thus CCNl signaling could be an ideal target for tumor vascular 
disruption in pancreatic cancer. 

Pancreatic Ductal Adenocarcinoma (PDAC) is the fourth most common cause of cancer death in the United 
States, causing 37,390 deaths in 2012^ alone. The median survival rate is 6 months or less, and the five-year 
survival rate for PDAC is only about 5%. A majority of patients present late, with locally advanced disease or 
with cancer already metastasized to distant organs and thus they are precluded from a resection^. In a minority of 
patients, occasionally a curative resection is successful, however their prognosis remains poor, with the median 
survival rate after surgery of 11-20 months^. The course of PDAC has not significantly improved even with 
multiple therapeutic attempts^ Surgical or chemotherapeutic failure could be due to disease relapse with early 
metastasis^, which is a complex, multistep process depending on almost mysterious tumor microenvironments 
and surrounding factors. Thus, there is a growing need to understand the mechanism in the progression of 
pancreatic cancer. 

Despite conflicting views about the formation and recruitment of new blood vessels in human PDAC^'^"^, 
decades of studies demonstrate that PDAC, like other cancers, needs new and destabilized blood vessels (tumor 
angiogenesis) as a prerequisite event for the growth and progression as well as dissemination of tumor cells for 
metastasis''^ Thus, targeting these blood vessels to prevent tumor growth and metastasis may provide novel 
strategies for PDAC therapy^"^\ Disappointingly, therapies that target angiogenesis in PDAC are not effective to 
all patients and show huge negative side effects, some of which may be life threatening^'^. Thus, to achieve a new 
therapeutic approach, it is necessary to identify the underlying signaling cascade that is directly involved in tumor 
angiogenesis or aberrant blood vessels surrounding PDAC. 

CCNl (formerly known as Cyr61), a matricellular protein of CCN-family^^'^^ plays a vital role in pancreatic 
cancer progression and metastasis^^"^^. We have shown that CCNl impacts both sonic hedgehog (SHh) and 
Notch pathways through integrins in PDAC cells Both SHh and Notch signaling influence PDAC growth and 
contribute in the formation of tumor angiogenesis in PDAC and other cancers^^"^\ During embryonic develop- 
ment and at the site of neovascularization, CCNl acts as an angiogenic factor^^, and pro -angiogenic activities of 
CCNl are mediated through integrins avP3 and a6pi in human umbilical vein endothelial cells^^"^^. However, the 
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role of CCNl in aberrant blood vessel formation in pancreatic cancer 
remains unclear. Thus, the objective of this study is to evaluate 
whether tumor cell secreted CCNl plays any role in aberrant blood 
vessel formation. We demonstrate that tumor cell secreted CCNl 
promotes endothelial cell migration in recruiting aberrant blood 
vessel formation/tumor angiogenesis, and SHh plays a vital role in 
this event. 

Methods 

Cell Culture. Human pancreatic cancer cell lines (i.e., AsPC-1 and Panc-1) and 
mouse embryonic mesenchymal stem cells, C3H10T1/2, were purchased from 
American Type Culture Collection (ATCC, Manassas, VA). The cell lines were 
cultured in Dulbecco's modified Eagle's medium (Sigma, St Louis, MO) and 
supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 2 mM glutamine, 
100 units/ml penicillin and 100 units/ml streptomycin (Sigma) at 37°C in an 
incubator in the presence of 5% C02. Human aortic smooth muscle cells (AOSMC) 
and human umbilical vein endothelial cells (HUVEC) were obtained from Lonza 
(Walker sville, MD) and maintained in smooth muscle cells basal media (SmBM) with 
various growth factors (SmGM-2, i.e., insulin, FGF, EGF and 2% serum) and EGM-2 
bullet kit (EBM-2, the basal medium supplemented with growth factors and 5% 
serum) respectively. Cells were used for the experiments between four and six 
passages. 

All experimental protocols "were approved by" Research and Development 
Committee, Kansas City VA Medical Center. Kansas City, MO 64128. 

Reagents. Matrigel was purchased from BD Biosciences (San Jose, CA). Gelfoam was 
purchased from Pharmacia & Upjohn Company (NY, USA). CCN1/Cyr61 
recombinant protein (hrCCNl) was purchased from Fisher Scientific (St. Louis, MO). 
Human polyclonal anti- rabbit CCN1/Cyr61 antibody was purchased from Santa 
Cruz Biotechnology (Santa Cruz, CA). 

Generation of CCNl-knockout pancreatic cancer Cells. CCNl-depleted Pane l 
[Panc-1'^'^^^^"'] cell line or CCNl -positive scrambled- shRNA transfected Panc-1 cell 
line [Panc-1'^^'^^^'^^] were generated according to our previous methods^^. Briefly, 
cloned human CCNl-shRNA or scrambled- shRNA-containing vectors (Block- iT 
RNAi vector. Life Technology, Grand Island, NY) were transfected into Pane- 1 cells 
using the Neon™ transfection system. Transfected cells were treated with Zeocin™ 
(50 |ig/ml) for stable selection. Stable cells were then cultured in regular DMEM 
media with 10% FBS and harvested for Western blotting to check the transfection 
efficiency (see Supplementary Fig.Sl). 




Figure 1 | CCNl protein level in pancreatic cancer cell line and different 
vascular cell lines. The Western blot analysis represents the expression of 
CCNl in AOSMC, HUVEC, lOTl/2 and Panc-1 cells. GAPDH was used as 
a loading control. The bar graph represents the ratio of CCNl and 
GAPDH. Data are shown as the means of three separate experiments; bars 
represent mean ± SEM. The figure has been cropped from original 
Western blots of CCNl and p-actin, which are included in supplementary 
information (Figure S5). 



Animals. FVB/N mice (6-8 weeks of age), purchased from Taconic (Hudson, NY), 
were housed in cages fitted with high efficiency filter tops and bedding. The animals 
were fed irradiated Purina chow. The room was kept at 25°C with a 12 hour light- 
dark cycle. 

The animal studies were carried out in "accordance" with the approved guidelines 
established in the Guide for the Care and Use of Laboratory Animals, US Department 
of Health and Human Resources (NIH 1985) and Kansas City VA Medical Center 
Animal Care facilities. The animal protocol was approved (Protocol # SNBOOOl) by 
VAMC Institutional Animal Care and Use- Committee (lACUC). 

Preparation of Conditioned Media (CM) from different pancreatic cancer cells. 

The procedure of preparation was the same as previously described^^'^^. Briefly, AsPC- 
1 and Panc-1 cells and genetically engineered cells [i.e., Panc-l*^™^^"^^ and Panc- 
j^ccNi(-)j ^gj-g grown in HUVEC media for 24 hours. Media were collected and 
centrifuged for 10 min at 2000 rpm at 4°C followed by filtration through 0.22-|am 
sterile membrane (EMD Millipore, Billerica, MA) to remove the cells or cell debris. 
CMs were collected for endothelial cell migration and in vitro and in vivo angiogenesis 
assays. 

Western blot analysis. The Western blot analysis was performed in different 
experimental cell lysates according to the method described previously^*^. Cell lysates 
or CM were obtained according to our previous methods^^ and equal amounts of 
protein were subjected to SDS-PAGE and Western blot. Membranes were incubated 
overnight at 4°C with antibodies against CCN1/Cyr61 (Cell Signaling Technologies, 
Danvers, MA), SHh (R&D Systems, Minneapolis, MN) and actin proteins followed by 
incubation with HRP-conjugated secondary antibody for 30 min at room 
temperature. Signals were detected with Super Signal Ultra Chemiluminescent 
substrate (Pierce, Rockford, IL) by using ID Image Analysis software Version 3.6 
(Eastman Kodak Company, Rochester, NY). 

In vitro angiogenesis assay. In vitro angiogenesis/tube formation assays were 
performed as described earlier^''. Briefly, to test the impact of CMs on in vitro 
angiogenesis, HUVECs (10,000 cells/ well) were seeded into matrigel™ (200 |al) 
coated chambered slides (8-well) containing endothelial cell-specific media (RM, 
background control) or CMs. HUVECs were incubated at 37°C for approximately 
20 h, stained with Calcein AM (Trevigen, Gaithersburg, MD) to detect live cells and 
then the capillary like structures were imaged using a Nikon photographic 
fluorescence microscope. Quantification of the number of capillary-like structures 
was carried out using the NIS Elements software program with modification of the 
protocol of Longair et aV°. 

In vitro wound healing assays. Wound healing assays were performed with HUVECs 
according to our previous method^\ Briefly, —25,000 HUVECs were seeded in 12- 
well slide chambers and grown into a monolayer culture with 100% confluency. After 

A CM 



RM AsPC-1 Panc-1 




Figure 2 | Conditioned media (CM) of different pancreatic cancer cells 
promotes aberrant capillary-like tube formation/tumor angiogenesis in 
an in vitro endothelial tube formation assay. HUVECs were seeded onto 
Matrigel™ in regular media (RM) or CM generated from different 
pancreatic cancer cells (i.e., AsPC-1, and Panc-1). After overnight, cells 
were stained with Calcein AM and live cells and capillary-like structures 
were detected by fluorescence microscope. RM is considered as a positive 
control. (A). Representative fluorescence images of capillary- like 
structures. Scale bar =100 |am. (B). Quantification of branches using the 
NIS Elements software program with modification of the protocol of 
Longair et aV^. Data expressed as Mean ± SEM of three sets of 
experiments. For statistical analysis, a Student's t-test was performed. 
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Figure 3 | Pancreatic cancer-cell-secreted CCNl (PCCS-CCNl) promotes tumor angiogenesis in an in vitro endothelial tube formation assay. 

(A). Detection of secretory-form of CCNlin the CM of CCNl positive Panc-1 cells and CCNl-knockout Panc-1 cells by Western blot analysis (Upper 
panel). The membrane was stained with Ponceu S for loading control (Lowe panel). (B). HUVECs were seeded onto Matrigel™ in regular media (RM) 
and CM collected from CCNl positive Panc-1 [CM^^^^^+^] cells or CCNl depleted Panc-1 [CM^^^^^"^] cells. After overnight, cells were incubated with 
Calcein AM and live cells and capillary-like structures were detected by fluorescence microscope, (a-c) represent the capillary-like structures in different 
experimental conditions. An enlarged view of abnormal capillary-like structure is illustrated in the right panel of Fig. b. The red arrow indicates 
accumulation of live endothelial cells, and the yellow arrow indicates gaps. The (d) represents bar graph of quantified capillary-like structures in RM and 
CM of different pancreatic cancer cells. Data are expressed as Mean ± SEM of three sets of experiments. A Student's t-test was performed. (C). HUVECs 
were seeded onto Matrigel™ in CM of CCNl positive Panc-1 [CM^^^^^^^] cells and treated with different concentration of CCNl antibody or pre- 
immune serum. After overnight, cells were stained with Calcein AM and live cells and capillary-like structures were detected by fluorescence microscope. 
Scale bar = 500 |am. Bar diagram of quantified capillaries is provided in supplementary figures (Fig. S4). (D). HUVECs were seeded onto Matrigel™ in 
regular media (RM) in the presence or absence of hrCCNl (100 ng/ml). After overnight, cells were stained with Calcein AM and live cells and capillary- 
like structures were detected by fluorescence microscopy. Scale bar = 500 \im. 




scratching through the monolayer with a pipette tip, media were replaced with RM or 
CMs from two genetically engineered Pane- 1 cell lines. The ability to recover from the 
wounds (% closure) was measured using software attached to the Nikon Eclipse 
digital inverted photo microscope. 

In vivo Angiogenesis Assay. The Gelfoam-implantation angiogenesis assay was 
performed according to our previous method^*^. Briefly, three sets of FVB/N mice (6-8 
weeks old; N = 4) were anesthetized immediately before implantation of Gelfoam 
(Gelfoam®, Pharmacia & Upjohn Company, NY, USA). Gelfoams (8X8 mm), 
presoaked with regular RM or CMs [Panc-1^™^^^^ or Panc-1^™^^"'], were 
transplanted subcutaneously in mice. The transplanted mice were maintained for 5-6 
days. The implanted Gelfoam was removed carefully after 6 days, and angiogenesis 
was detected and quantified using an inverted fluorescence microscope. 

In vitro Cell Migration Assays. For the detection and quantitation of migration of 
HUVECs in the presence of different CMs, a modified gelatin-coated Boyden 
chamber assay (Corning) was performed with the procedure described earlier^^"^^. 
Briefly, —10,000 HUVECs were seeded onto the upper chamber of the Boyden 
chamber with different experimental conditions as described in the figure legends. 
The lower chambers either contained —90% confluent Panc-1 cells (CCNl -positive 
or CCNl -deleted) or CMs were added to the lower chambers. After overnight, the 
cells which had migrated through the membrane in response to the attractants were 
stained with crystal violet stain and the migration index was measured at 600 -nm 



using VMax Microplate Reader with current version of SoftMax Pro (Molecular 
Devices, Sunnyvale, CA). 

Statistical Analysis. All experiments were performed in triplicate for each of the 
observations. Each of the data represents the mean ± SEM from the three or more 
separate experiments. Statistical analysis was performed between the two groups of 
data by an unpaired Student's f-test or one-way ANOVA followed by Tukey post-test 
to compare two groups. P-values less than 0.05 were considered statistically 
significant. 

Results 

CCNl differentially expressed in different vascular cells and 
cancer cells. In order to determine the status of CCNl in different 
cell lines involved in tumor angiogenic process, such as vascular 
smooth muscle cells, endothehal cells and progenitor cells of peri- 
cytes, and pancreatic cancer cells, CCNl expression was determined 
in AOSMC, HUVECs, C3H10T1/2 and Panc-1 cells by Western blot 
analysis using CCNl -specific antibody. We found that CCNl is 
constitutively expressed in AOSMC, HUVEC and Panc-1 cells 
(Fig. 1), while its expression was minimal or undetected in lOTl/2 
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pluripotent stem cells (Fig. 1). Maximum expression was identified in 
HUVECs as compared to AOSMC and Panc-1. 

Pancreatic cancer-cells-secreted (PCCS)-CCNl promotes in vitro 
Aberrant Neovascularization. CCNl is a pro -angiogenic factor in 
normal tissues as well as in various cancers^^'^^'^^'^^ and plays critical 
role in the progression of pancreatic cancer^^'^^. In this study, we 
found CCNl protein expression in both cancer cells and vascular 
cells (Fig. 1). Thus, these studies collectively led to the possibility that 
PCCS-CCNl protein may have a tumor angiogenic function in 
pancreatic cancers. To test the hypothesis, first, we determined the 
impact of conditioned media (CM) of different pancreatic cancer cell 
lines (i.e. AsPC-1 and Panc-1) on the in vitro angiogenesis/capillary- 
like structure formation. The studies found that both regular media 
(RM) and CM promote in vitro angiogenesis, but CM leads to a 
significant increase in branching as compared to RM (Fig. 2). 
Moreover, the morphology of CM-induced capillary-like structures 
was not similar to our observations of RM-induced angiogenesis 
(Fig. 2). CM induces deformed capillary-like structures with 
unequal accumulation of endothelial cells and gaps (a possible 
hallmark of leakiness of blood vessels) as compared to RM, where 
we found few such deformed structures. (Fig. 2 and supplementary 
Fig. S2). Our next goal was to determine if PCCS-CCNl plays any 
role in the formation of aberrant capillary-like structures. To do so, 
HUVECs were grown on Matrigel with the CMs collected from 
either Panc-l^^^^^-^ cells or Panc-1^^^^^+) cells (Fig. 3A). As ex- 
pected, in the presence of RM, HUVECs form customary capillary- 
like structures on the Matrigel (Fig. 3B). In contrast, when HUVECs 
were grown on the Matrigel in the presence of CCNl -positive CM, 
there was a significant increase in number of capillary- like structures 
as compared to Panc-1^^^^^"^ cells and RM, but structurally they are 
habitually deformed and sluggish as compared to RM [Fig. 3B(b) and 
Supplementary Fig. S3] . This structure is very similar to tumor blood 
vessels. These facets can be markedly aboUshed if CCNl expression is 
knocked down by shRNA [Fig. 3B(c) and Supplementary Fig. S3], 
indicating that PCCS-CCNl may play a critical role in tumor angio- 
genesis. The involvement of PCCS-CCNl in tumor angiogenesis was 
further validated by growing HUVEC cells on matrigel with Panc- 
-j^ccNi(+)_(-jy[ pre-treated with different doses of CCNl -neutralizing 
antibody or pre-immune serum (control) (Fig. 3C). The studies 
found a dose-dependent inhibitory effect of CCNl antibody on the 
formation of aberrant angiogenesis promoted by PCCS-CCNl. A 
high dose (250 ng/ml) of CCNl -antibody exhibited a drastic effect 
on accumulation of endothelial cells and capillary formation (supple- 
mentary Fig. S4). Finally, in order to determine if addition of human 
recombinant CCNl (hrCCNl) protein in the RM mimics the effect 
of tumor derived conditioned media (Fig. 3D), HUVECs were seeded 
on the matrigel with RM in the presence or absence of hrCCNl 
(100 ng/ml) and morphological structures were determined. 
Unlike PCCS-CCNl, we found the same regular angiogenesis in 
the presence of hrCCNl as we found in RM (Fig 3D). 

PCCS-CCNl promotes Aberrant Neovascularization in vivo. To 

confirm the results of our in vitro angiogenesis studies, we conducted 
gelfoam angiogenesis assay in a mouse model. We found that, like in 
vitro, CM of Panc-1 cells also resulted in enhanced aberrant 

angiogenesis in the mice skin as compared to RM and CCNl- 
negative CM (Fig. 4). In CCNl -negative CM formed a few incom- 
plete blood vessels (Fig. 4, lower panel). 

PCCS-CCNl promotes endothelial cell migration. Endothelial cell 
migration is a hallmark of normal and pathological angiogenesis, and 
this process is directionally regulated by various stimuli^^. Given the 
critical role of migration of endothelial cells, we sought to determine 
whether CCNl -positive pancreatic cancer cells contribute to the 
migration of endothelial cells. We assayed endothelial cell migra- 
tion in the presence of Panc-1^^^^^^^ cells, Panc-1^^^^^~^ cells or 
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Figure 4 | PCCS-CCNl promotes tumor angiogenesis in vivo in a 
Gelfoam assay. The images represent the impact of RM and CMs on 
angiogenesis under mouse skin. The enlarged views of normal and aberrant 
angiogenesis were illustrated in the right panel of upper (RM) and middle 
(CCNl -positive CM) figures. The morphology of the capillaries in the 
CM^^^^^^^ (middle panel) are thin and incomplete (arrow) as compared to 
RM (upper panel). No or minimal capillary formation with fragmented in 
(3jy[CCNi(-) ^Yowtr panel). Scale Bar = 100 |am. 

regular media in an indirect co-culture system (Fig. 5A). We found 
that HUVEC migration was significantly less when cultured 
indirectly with CCNl -depleted pancreatic cancer cells as compared 
to CCNl -positive pancreatic cancer cells, indicating tumor cell 
secreted CCNl plays a vital role in endothelial cell migration 
(Fig. 5A). To explore the role of CCNl in endothelial migration in 
greater details, we performed in vitro wound-healing (scratch) assay. 
Consistent with earlier findings, the results of the scratch assay 
demonstrated a potential role of PCCS-CCNl in promoting the 
motility of endothelial cells (Fig. 6). Additionally, the studies also 
found that CCNl antibody markedly blocked the CM^^^'^+ ^-induced 
motility of HUVECs, while no drastic changes were observed in the 
presence of CM^^^^^"^ + hrCCNl protein (Fig. 6, right panel). 
Collectively, these results urged us to speculate that aberrant 
angiogenesis in pancreas could be promoted by tumor cell secreted 
CCNl rather than other sources such as endotheUal cells (Fig. 1). 
This result also indicates that PCCS-CCNl -induced tumor 
angiogenesis is an indirect pathway which could be generated in 
the tumor cells by PCCS-CCNl. 

PCCS-CCNl -induced endothelial cell migration is mediated 
through sonic hedgehog (SHh) signaling. Recently, our studies 
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Figure 5 | PCCS-CCNl promotes endothelial cell migration in an 
indirect co-culture assay. HUVECs were indirectly co- cultured with 
CCNl-positive Panc-1 [CM^^^^^+^l cells or CCNl depleted Panc- 
1 [CM^^^^^"^] cells for 24 h. The migrated cells were stained with crystal 
violet stain and migration index was measured at 600 nm using VMax 
Microplate Reader with the current version of SoftMax Pro (Molecular 
Devices). Each group had nine biological replicates and the experiment was 
repeated twice. The left view illustrates the workflow of indirect co-culture 
methodology, and the right view is an endothelial cell migration assay in 
different experimental conditions. RM is a background control. The data 
represent mean ± SEM. For statistical analysis, we performed ANOVA 
followed by Tukey's post-test to compare the two groups. 

demonstrated that CCNl is a critical regulator of SHh in pan- 
creatic cancer cells to exert its pathobiological functions^'*. More- 
over, SHh also regulates angiogenesis in non-classical pathways^^. 
Thus, we considered the possibility that induction of HUVEC 
migration by tumor-cell-secreted CCNl is mediated through SHh. 
To test the hypothesis, first, we determined the status of SHh in 
cancer cells and vascular cells. As shown in Figure 7 A, SHh 
protein is only expressed in Panc-1 cells and AOSMC, while it is 
undetected or minimally detected in HUVEC and lOT/1 cells by 
Western blotting. Next, we determined the endothelial cell 
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Figure 6 | PCCS-CCNl promotes endothelial cell motility in in vitro 
wound healing assays. Representative images of scratch-wound healing 
exhibit the motility of HUVECs in CM of CCNl positive Panc-1 cells with 
or without CCNl antibody and CM of CCNl -depleted Panc-1 cells with or 
without hrCCNl protein. Cell motility into the wound area was examined 
and measured by microscopy and photomicrograph was taken at 0 h and 
24 h. Motility of HUVECs is indicated by red Hues. 



migration in an indirect HUVEC and Panc-1 (CCNl-positive or 
CCNl -negative) co-culture experiment in the presence or absence 
of CCNl or SHh antibodies. We found that both CCNl and SHh 
antibodies significantly prevent the Panc-1 cell-secreted CCNl 
induced HUVECs migration (Fig. 7B), while this effect of these 
two antibodies was undetected when HUVECs were co-cultured 
with CCNl -negative Panc-1 cells. Collectively, these studies 
indicate that tumor cell secreted CCNl protein activates HUVEC 
migration through tumor cell generated SHh. 
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Figure 7 | SHh antibody impairs the PCCS-CCNl -induced in vitro 
endothelial cell migration. (A). Detection of SHh protein level in different 
vascular cell lines and Panc-1 cell line using Western blot analysis. |3-actin 
is used as a loading control. The figure has been cropped from original 
Western blots of SHh and p-actin, which are included in supplementary 
information (Figure S6). (B-C). HUVECs were indirectly co-cultured with 
CCNl-positive Panc-1 [Panc-1^^^'^+^] cells (B) or CCNl -negative 
[Panc-1*^*^^^^~^] cells (C) in the presence or absence of CCNl antibody 
(CCNl-ab) or SHh antibody (SHh-ab) for 24 h to test migration. The 
migrated cells were stained with crystal violet stain and migration index 
was measured at 600 nm using VMax Microplate Reader with the current 
version of SoftMax Pro (Molecular Devices). Each group had nine 
biological replicates and the experiment was repeated twice. The left view 
illustrates the workflow of indirect co- culture methodology, and the right 
view is an endothelial cell migration assay in different experimental 
conditions. RM is the background control. The data represent 
mean ± SEM. For statistical analysis, we performed ANOVA followed by 
Tukey's post-test to compare the two groups. 
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Figure 8 | Model of PCCS-CCNl regulated pathway for tumor 
angiogenesis. Pancreatic cancer-cell-secreted CCNl activates SHh in 
pancreatic cancer cells through autocrine and paracrine pathways. The 
activated SHh then promotes adjacent endothelial cell migration and 
angiogenesis. 



Discussion 

Our study demonstrates that pancreatic cancer cells secreted CCNl 
(PCCS-CCNl) is critical for endothelial cell migration and in vitro as 
well as in vivo aberrant neovascularization. The molecular mechan- 
isms by which PCCS-CCNl regulates endothelial migration involve 
modulation of SHh signaling (Fig. 8), making CCNl an attractive 
therapeutic target to prevent pancreatic cancer progression. 

Unlike other cancers, PDAC has been considered a non-vascular 
cancer^. Nevertheless, multiple studies have provided ample evidence 
in support of a positive correlation between vascular density and 
PDAC progression^'^'^°. Moreover, studies find pancreatic cancer 
cells directly involved in modulation of tumor angiogenesis in vivo 
through paracrine- autocrine loops, and VEGF signaling has been 
considered a prime promoting factor^. Thus, like other solid tumors, 
tumor angiogenesis can be a striking target for the therapy of pan- 
creatic cancer. Despite these findings, the underlying molecular 
mechanism by which pancreatic cancer cells regulate tumor angio- 
genesis is still incompletely understood. Because CCNl participates 
in pancreatic cancer progression and is known to be an angiogenic 
factor^^"^^'^^'^^, the aim of this study was to uncover the role of PCCS- 
CCNl during the communication of pancreatic cancer cells and 
endothelial cells in induction of tumor angiogenesis/aberrant neo- 
vascularization. Tumor angiogenesis is a complex, rate-limiting and 
multistep process in which endothelial cell proliferation and migra- 
tion followed by differentiation into aberrant capillaries are vital 
processes^^'^\ Our combined data from different in vitro and in vivo 
experimental approaches displayed that PCCS-CCNl promotes 
endothelial cell migration and aberrant capillary formation 
(Figs. 2-6). We find that tumor angiogenic response of CCNl was 
strongly dependent upon the tumor microenvironment because 
hrCCNl was unable to promote endothelial cell migration and 
tumor angiogenesis when added in regular endothelial culture media 
(RM) (Fig. 3C), while tumor cell secreted CCNl (i.e., conditioned 
media or co- culture system) significantly increased endothelial cell 
migration and promoted tumor angiogenesis. Moreover, these stud- 
ies not only identify PCCS-CCNl as a tumor angiogenic factor but 
also suggest that PCCS-CCNl blockade, which blocks tumor blood 
vessel formation, could offer an effective strategy for disrupting 
tumor angiogenesis for therapy^^. 

While we demonstrate that PCCS-CCNl promotes tumor angio- 
genesis, it was not clear which molecular mechanisms link with 
CCNl action. We anticipate that PCCS-CCNl mediated tumor 
angiogenesis may encompass contributions of factors. Recently, we 



found that SHh, regulator of angiogenesis^°'^^, is a downstream target 
of CCNl in pancreatic cancer cells To gain mechanistic insight into 
how PCCS-CCNl -directed tumor angiogenesis can be achieved, we 
performed indirect co-culture experiments, comparing endothelial 
cell migration of controls [i.e., Panc-^^^^^^^^] and SHh-depleted 
(antibody- treated) conditions (Fig. 7). We found that SHh is 
required for CCNl -induced tumor angiogenesis. However, at this 
time, we do not yet understand the mechanisms by which SHh reg- 
ulates tumor angiogenesis. SHh-mediated tumor angiogenic switch 
could be through canonical or non-canonical pathways. Thus, fur- 
ther studies are warranted. 

In conclusion, our studies demonstrate that CCNl of pancreatic 
cancer cells is vital for the regulation of tumor angiogenesis and thus 
could be an ideal target for tumor vascular disruption in pancreatic 
cancer. 



1. Siegel, R., Naishadham, D. & Jemal, A. Cancer statistics, 2012. CA Cancer J. Clin 
62, 10-29 (2012). 

2. van der Zee, J. A. et al. Angiogenesis: a prognostic determinant in pancreatic 
cancer? Eur. }. Cancer 47, 2576-2584 (2011). 

3. Boeck, S., Ankerst, D. P. & Heinemann, V. The role of adjuvant chemotherapy for 
patients with resected pancreatic cancer: systematic review of randomized 
controlled trials and meta-analysis. Oncology 72, 314-321(2007). 

4. Ellis, L. M. et al. Vessel counts and vascular endothelial growth factor expression 
in pancreatic adenocarcinoma. Eur. J. Cancer 34, 337-340 (1998). 

5. Ikeda, N. et al. Prognostic significance of angiogenesis in human pancreatic 
cancer. Brit. J. cancer 79, 1553-1563 (1999). 

6. Khan, A. W. et al. Prognostic significance of intratumoural microvessel density 
(IMD) in resected pancreatic and ampuUary cancers to standard histopathological 
variables and survival. Eur. J. Surg. Oncol. 28, 637-644 (2002). 

7. Vermeulen, P. B. et al. Second international consensus on the methodology and 
criteria of evaluation of angiogenesis quantification in solid human tumours. Eur. 
J. Cancer 38, 1564-1579 (2002). 

8. Whipple, C. & Korc, M. Targeting angiogenesis in pancreatic cancer: rationale and 
pitfalls. Langenbecks Arch. Surg 393, 901-910 (2008). 

9. Korc, M. Pathways for aberrant angiogenesis in pancreatic cancer. Mol. cancer 2, 8 
(2003). 

10. Keleg, S., Buchler, P., Ludwig, R., Buchler, M. W. & Friess, H. Invasion and 
metastasis in pancreatic cancer. Mol. Cancer 2, 14 (2003). 

11. Riess, H. Antiangiogenic strategies in pancreatic cancer. Recent Results Cancer 
Res. 177, 123-129 (2008). 

12. Jun, J. 1. & Lau, L. F. Taking aim at the extracellular matrix: CCN proteins as 
emerging therapeutic targets. Nat. Rev. Drug Discov. 10, 945-963 (2011). 

13. Leask, A. Sonic advance: CCNl regulates sonic hedgehog in pancreatic cancer. 
/. cell commun. signal. 7, 61-62 (2013). 

14. Haque, 1. et al. The matricellular protein CCN1/Cyr61 is a critical regulator of 
Sonic Hedgehog in pancreatic carcinogenesis. /. Biol. chem. 287, 38569-38579 
(2012). 

15. Haque, 1. et al. Cyr61/CCN1 signaling is critical for epithelial-mesenchymal 
transition and stemness and promotes pancreatic carcinogenesis. Mol. cancer 10, 
8 (2011). 

16. Yen, W. C. et al. Anti-DLL4 has broad spectrum activity in pancreatic cancer 
dependent on targeting DLL4-Notch signaling in both tumor and vasculature 
cells. Clin. Cancer Res. 18, 5374-5386 (2012). 

17. Wang, Z. et al. Down-regulation of platelet-derived growth factor-D inhibits cell 
growth and angiogenesis through inactivation of Notch- 1 and nuclear factor- 
kappaB signaling Cancer Res 67, 11377-11385 (2007). 

18. Heiser, P. W. & Hebrok, M. Development and cancer: lessons learned in the 
pancreas. Cell Cycle. 3, 270-272 (2004). 

19. Olsen, C. L., Hsu, P. P., Glienke, J., Rubanyi, G. M. & Brooks, A. R. Hedgehog- 
interacting protein is highly expressed in endothelial cells but down- regulated 
during angiogenesis and in several human tumors. BMC cancer 4, 43 (2004). 

20. Yamazaki, M. et al. Sonic hedgehog derived from human pancreatic cancer cells 
augments angiogenic function of endothelial progenitor cells. Cancer sci. 99, 
1131-1138 (2008). 

21. Straface, G. et al. Sonic hedgehog regulates angiogenesis and myogenesis during 
post-natal skeletal muscle regeneration. /. cell. mol. med. 13, 2424-2435 (2009). 

22. Babic, A. M., Kireeva, M. L., Kolesnikova, T. V. & Lau, L. F. CYR61, a product of a 
growth factor-inducible immediate early gene, promotes angiogenesis and tumor 
growth. Proc. Natl. Acad. Sci. U. S. A. 95, 6355-6360 (1998). 

23. Lau, L. F. CCNl and CCN2: blood brothers in angiogenic action. /. cell commun. 
signal. 6, 121-123 (2012). 

24. Leu, S. J., Lam, S. C. & Lau, L. F. Pro-angiogenic activities of CYR61 (CCNl) 
mediated through integrins alphavbeta3 and alpha6betal in human umbilical 
vein endothelial cells. /. Biol. chem. 277, 46248-46255 (2002). 



SCIENTIFIC REPORTS | 4 : 4995 | DOI: 1 0.1 038/srep04995 



6 



25. Brigstock, D. R. Regulation of angiogenesis and endothelial cell function by 
connective tissue growth factor (CTGF) and cysteine-rich 61 (CYR61). 
Angiogenesis 5, 153-165 (2002). 

26. Dhar, K. et al. Tumor cell-derived PDGF-B potentiates mouse mesenchymal stem 
cells-pericytes transition and recruitment through an interaction with NRP-1. 
Mol. cancer 9, 209 (2010). 

27. Banerjee, S. et al. Breast cancer cells secreted platelet- derived growth factor- 
induced motility of vascular smooth muscle cells is mediated through neuropilin- 
1. Mol. Carcinog 45, 871-880 (2006). 

28. Banerjee, S. et al. CCN5/WISP-2 expression in breast adenocarcinoma is 
associated with less frequent progression of the disease and suppresses the 
invasive phenotypes of tumor cells. Cancer Res. 68, 7606-7612 (2008). 

29. Williams, T. F., Mirando, A. C, Wilkinson, B., Francklyn, C. S. & Lounsbury, 
K. M. Secreted Threonyl-tRNA synthetase stimulates endothelial cell migration 
and angiogenesis. Sci. reports 3, 1317 (2013). 

30. Longair, M. H., Baker, D. A. & Armstrong, J. D. Simple Neurite Tracer: open 
source software for reconstruction, visualization and analysis of neuronal 
processes. Bioinformatics 27, 2453-2454 (2011). 

31. Kambhampati, S. et al. A Second- Generation 2-Methoxyestradiol Prodrug Is 
Effective against Barrett's Adenocarcinoma in a Mouse Xenograft Model. Mol. 
Cancer Ther., 12, 255-263 (2013). 

32. Bailey, J. M. etal. Sonic hedgehog promotes desmoplasia in pancreatic cancer. Clin 
Cancer Res 14, 5995-6004 (2008). 

33. Shan, D. et al. Synthetic analogues of migrastatin that inhibit mammary tumor 
metastasis in mice. Proc. Natl. Acad. Sci. U. S. A. 102, 3772-3776 (2005). 

34. McGarrigle, D., Shan, D., Yang, S. & Huang, X. Y. Role of tyrosine kinase Csk in G 
protein- coupled receptor- and receptor tyrosine kinase-induced fibroblast cell 
migration. /. Biol. chem. 281, 10583-10588 (2006). 

35. Sengupta, K., Banerjee, S., Saxena, N. K. & Banerjee, S. K. Thombospondin- 1 
disrupts estrogen-induced endothelial cell proliferation and migration and its 
expression is suppressed by estradiol. Mol. Cancer Res 2, 150-158 (2004). 

36. Chintalapudi, M. R. et al. Cyr61/CCN1 and CTGF/CCN2 mediate the 
proangiogenic activity of VHL-mutant renal carcinoma cells. Carcinogenesis 29, 
696-703 (2008). 

37. Tsai, M. S., Hornby, A. E., Lakins, J. & Lupu, R. Expression and function of CYR61, 
an angiogenic factor, in breast cancer cell lines and tumor biopsies. Cancer Res 60, 
5603-5607 (2000). 

38. Lamalice, L., Le Boeuf, F. & Huot, J. Endothelial cell migration during 
angiogenesis. Circ. res. 100, 782-794 (2007). 



39. Renault, M. A. et al. Sonic hedgehog induces angiogenesis via Rho kinase- 
dependent signaling in endothelial cells. /. mol. cell, cardiol. 49, 490-498 (2010). 

40. Banerjee, S. K. et al. Tumor angiogenesis in chronic pancreatitis and pancreatic 
adenocarcinoma: impact of K-ras mutations. Pancreas 20, 248-255 (2000). 

41. Folkman, J. The role of angiogenesis in tumor growth. Semin. cancer biol. 3, 65-71 
(1992). 

42. Tozer, G. M., Kanthou, C. & Baguley, B. C. Disrupting tumour blood vessels. Nat. 
rev. Cancers, 423-435, doi:10.1038/nrcl628 (2005). 



Acknowledgments 

We would like to thank other CRU members for valuable suggestions on technical issues 
and helpful comments on this manuscript. This work was supported by Merit review grant 
from the Department of Veterans Affairs (S.B. and S.K.B.). 

Author contributions 

G.M. and S.M. performed research, analyzed the data and wrote the initial draft of the 
manuscript. I.H., S.S. and K.D. performed some of the experiments. S.K.B. and S.B. designed 
and supervised the project and finally reviewed the manuscript before submission to the 
journal. 

Additional information 

Supplementary information accompanies this paper at http://www.nature.com/ 
scientificreports 

Competing financial interests: The authors declare no competing financial interests. 

How to cite this article: Maity, G. et al. Pancreatic Tumor Cell Secreted CCN1/Cyr61 
Promotes Endothelial cell migration and Aberrant Neovascularization. Sci. Rep. 4, 4995; 
DOI:10.1038/srep04995 (2014). 

I This work is licensed under a Creative Commons Attribution-NonCommercial- 
I NoDerivs 3.0 Unported License. The images in this article are included in the 
article's Creative Commons license, unless indicated otherwise in the image credit; 
if the image is not included under the Creative Commons license, users will need to 
obtain permission from the license holder in order to reproduce the image. To view 
a copy of this license, visit http://creativecommons.Org/licenses/by-nc-nd/3.0/ 



SCIENTIFIC REPORT; | 4 : 4995 | DOI: 1 0. 1 038/srep04995 



7 



